Acoustic backscatter images are presented of the continuous flow turbidity current resulting from mine tailing discharge into Rupert Inlet. The current flows partially within a submarine channel, which both hooks to the left and meanders. The images show the turbidity current spilling over the outer levees at channel bends. A model for continuous turbidity flow incorporating overspill is developed and applied to the left-hooking section of the submarine channel. It is very likely that the observed overspill is primarily an inertial effect resulting from the outer bank being more sharply curved than the channel axis. The model results are combined with a sediment accumulation budget based on successive seismic profiling surveys and with results for surge-type flows (taken from the companion paper (Hay, this issue)). It shows that surges are primarily responsible for the transport of tailing to large distances from the point of discharge and should recur at 1-to 2-day intervals on average. This is consistent with the characteristics of coarse-grained turbidites observed in cores from the levees. Relative to the intervening fine-grained mud deposits the turbidites increase both in thickness and frequency in the downchannel direction. Furthermore, the surge recurrence interval obtained from the number of turbidites per core and the local accumulation rate is 2-5 days, essentially the same as that obtained from the model. Suspended tailing transport within the channel appears to be dominated by surge-type turbidity currents except close to the outfall. It is concluded that the surge-type flows are most responsible for the formation and morphology of much of the channel. It is not clear, however, that the meanders are formed principally by surges. Although the surges occur frequently and transport most of the sediment in the meander reach, the volume transport is dominated by continuous flow.
INTRODUCTION
Turbidity currents represent one of the primary mechanisms by which terrigenous sediments have, over time, been transported into the deep ocean. They have long been held responsible for the formation of the submarine canyon, channel, and fan systems which start at the edge of the continental shelf and extend seaward over the abyssal plains. Our knowledge of this process comes principally from the extensive geological literature on turbidites and laboratory experiments with gravity currents, rather than direct observations of turbidity currents themselves and their effects on submarine channel morphologY.
The absence of instances in which turbidity currents, particularly surge-type flows, has been observed in developing subaqueous channels makes the problem of relating channel morphology to turbidity current properties rather difficult. There are many reasons for wanting to establish such relationships, not the least of which is the contribution that would be made to our understanding of the development of deep-sea fan deposits. Several studies have obtained promising results by inferring the properties of turbidity currents from submarine channel morphology alone (see the review by Komar [1977] ) or from morphology combined with the distribution of turbidite deposits [Bowen et al., 1984] . These studies illustrate both the potential of the approach and the limitations imposed by observations made only after the fact. The Rupert Inlet study provides a case history of submarine channel development including observations of both surge- unless otherwise indicated. The continuous seismic profiling data were collected using a boomer and a linear hydrophone array. Total suspended particulate concentrations were determined gravimetrically after vacuum filtration of the sample through a 0.4-/•m nominal pore size Nuclepore filter [Hay, 1981 [Hay, , 1983 . Some values of suspended particulate concentration are reported here which were determined using 0.45-/•m nominal pore size Millipore filters and pressure filtration. The filters were weighed in the petrie dish in which each was stored. Material on the dish resulting from handling would therefore cause errors. However, because the measured concentrations are large (about 0.25 kg m-3) and the volume filtered was 1.2 L, by far the largest change in weight is due to the suspended particulate on the filter, so these errors are not believed to be important. Consider the upper reach. The top 200-to 300-m section of this reach is steep (axial slope, 9.5ø-12ø), while the axial slope in the remaining 700-to 800-m-long section is much less (2.2 ø) and relatively constant (Figure 2a ). The channel crosssectional area may be taken to be proportional to the product of relief and width. This quantity increases with distance away from the outfall in the top 200-m-long section but decreases with axial distance throughout much of the rest of this reach (Figures 2b and 2c) . A pronounced increase in cross section is found at the base of the upper reach at the first bend. The channel cross section then decreases on average throughout the rest of the channel.
Sediment Budget
Continuous seismic profiling surveys were conducted annually after commencement of mining operations in 1971 until 1975, and again in 1977. The submarine channel was first recognizable as a pronounced feature in the 1974 survey which, together with the results of the two subsequent surveys, is presented in Figure 3 . These data are discussed in more detail by Hay et al. [-1983a ]. The deposit thickness information in Figure 3 can be used to compute a sediment budget for the basin, which will provide estimates of the net sediment transport from one part of the basin to another. This requires, however, that the deposited tailing be distinguished from material derived from the waste dump, which is shown on the north flank of the inlet in Figure 3 .
•' The waste dump material is low-grade rock which is bulldozed into the inlet at a rate about 3-4 times the rate of tailing discharge. The material spans a broad size range, from boulders to clay-sized particles. The fine waste dump material is physically indistinguishable from tailing, and it must be assumed that this material can be carried considerable distances from the dump. Equally, tailing must be deposited in the vicinity of the waste dump. It was therefore assumed that each source contributed equally to the volume of material on The volume of the tailing deposit was determined by integrating the area enclosed by each of the thickness contours in Figure 3 using a planimeter. Assuming a dry bulk density of 1.3 g cm-3 for the tailing [Hay and Waters, 1985] , the mass of the tailing deposit was computed and compared to the total reported discharge. The results are given in Table 1 . The computed values are quite sensitive to the value of the dry bulk density and, to a lesser extent, to the unknown speed of sound in the deposit (1500 m s-• was assumed). Since both parameters vary with deposit thickness due to compaction, the assumption of constant values is not strictly valid. Furthermore, the continuous seismic profiler is insensitive to tailing deposits much less than 1.5 m thick because of ringing in the outgoing pulse. The volume of this material was estimated by extrapolating the area versus thickness curves to zero thickness. Nevertheless, good agreement (within 10%) exists between the values for the total tailing deposited and the total tailing discharged. We conclude that the tailing and waste dump deposits are separated reasonably well by the line XX'.
The tailing deposit was divided into proximal and distal zones by the line YY' below the meander reach (Figure 3) . The volume of the deposit was determined for the proximal zone in the same manner as described above. The equivalent mass accumulation rate was quite consistent for the two periods, 148 and 140 kg s-•, leaving an average of 240 kg s-• of material to be transported out of the proximal zone. Continuous and surge-type turbidity currents, and the inlet circulation, contribute to this transport. Table 2 . Also shown in Table 2 Since the sediment mass transport in a depositional system cannot exceed the rate of discharge (380 kg s-•), and since the total transport must include both bed load and surge transport in addition to the suspended load transport estimates in Table 2 The predicted flow parameters for x = 150 m at the bottom of the linearly narrowing section of the upper reach are presented in Table 3 . Comparing these values to the x = 0 estimates in Table 2 , it is seen that M and u exhibit small decreases, about 5 and 2%, respectively. From (32) the increase in H is 0.14 m. As before, therefore, the errors introduced by ignoring sedimentation are not expected to be important. In order to test the inertial overspill model the flow parameters were calculated for x = -350 m at the entrance to the linearly narrowing section and are given in Table 4 Table 4 . The estimated accumulation rates are much too large, indicating that a large fraction of the overspilled material must be transported out of this area if the inertial overspill model is to be retained. This amount is designated by R and is listed in Table 4 for the selected probable range of friction coefficients. It is seen that roughly 70-90% of the overspilled material must be transported elsewhere if the observed accumulation rates are to be accounted for. Two mechanisms are likely to be important. One is the removal of deposited material by surge type flows, about which more will be said in section 6. In addition, the overspilled tailing must itself flow away from the levee crest as a broad unconfined turbidity current. The second mechanism cannot by itself account for the difference. This can be seen from Figure 3c . The area of deposition can be extended westward on the north side of the meander reach for at most 1500 m, reducing the estimated accumulation rates in Table 4 
Inertial Overspill and Flow Stripping
A distinction is drawn between the flow-stripping mechanism proposed by Piper and Normark [1983] and discussed by Bowen et al. [1984] and the inertial overspill mechanism discussed here. Flow stripping occurs when a turbidity current which is thicker than the channel is deep encounters a sharp bend. That portion of the current higher than the levees is unimpeded by the bend and is "stripped off," while the lower and now less thick portion continues along the channel. The current splits into two parts, one following the channel and the other flowing outside the channel in the same direction as the current upstream. This process is readily imagined for surge-type flows, particularly where the head encounters a sharp bend and sheds an overspill surge over the levee crest.
Such an overspill event was described by Hay et al. [19152] .
Inertial overspill, on the other hand, occurs whenever the curvature in plan view of the outer bank in a channel bend is greater than that of the channel axis. The fluid columns in the current are carried up the bank and over the levee by their forward momentum. It is not required that the bend be sharp.
Separation of that part of the current which overflows the levee and that part which remains in the channel does not necessarily occur. Neither is there an abrupt reduction in the thickness of the channelized part of the flow. So, while it is clear that flow stripping is also an inertial effect, the two processes are quite different.
Sediment Deposition Revisited
In section 5 it was shown that sedimentation within the channel does not contribute to the mass balance in the upper reach. This conclusion was based on a mean particle diameter of 14/•m, however, which leads to two problems. The first is that the distribution of particle sizes was not considered, which is potentially dangerous because the Stokes settling velocity depends on the square of the particle size. The second is that this mean size was based on samples taken from the discharge plume at a distance of 400 m from the outfall [Hay, 1983] 
SUMMARY AND CONCLUSIONS
Acoustic images of the continuous turbidity current flow associated with the discharge show it to be detectable to distances at least as great as 2 km from the outfall, that is, nearly to the end of the meander reach. Where the channel is curved, the continuous flow is seen to be concentrated against the outer bank and to spill over the crest of the outer levee. Flow thickness and the cross-channel interfacial slope are obtained directly from the images.
A model for continuous turbidity flow in a narrow, lefthooking channel with constant axial slope is presented. The model includes entrainment, sediment deposition, and the effects of mass loss through channel overspill. The known rate of tailing discharge and the observed suspended particulate concentrations within the channel are used together with observed accumulation rates as constraints to estimate the probable range of friction coefficients. This range turns out to be quite narrow.
The channel cross section throughout most of the upper reach decreases with increasing distance from the outfall. By assuming that the decreasing cross section is the result of levee slumping and surge-type flow and that the continuous flow must therefore attempt to negotiate a prescribed channel shape, a simple inertial overspill model is derived. This model provides reasonable estimates of suspended tailing concentration and transport but predicts a rate of overspill which would result in accumulation rates greater than those observed. The model results can be reconciled with observation, however, if the excess accumulation is assumed to be removed from the upper reach by slump-generated surge-type flows.
The surge transport rate is estimated independently from a sediment accumulation budget derived from seismic profiling surveys. By dividing the tailing deposit into proximal and distal zones it is determined that 240 kg s-• must be trans- A principal conclusion of the paper therefore is that except high in the upper reach, surge-type flow is responsible for most of the sediment transport. The left-hooking upper reach is the probable source region for the surges, the frequency of levee failure presumably being governed by the high rate of deposition and the steepness of the channel banks. The morphology in this reach apparently represents slowly changing equilibrium between deposition, resulting primarily from overspill, and levee failure. The above arguments lead to the conclusion that tidal currents and the induced inlet circulation are unlikely to have either induced a net interfacial stress on the discharge plume comparable to the transverse pressure gradient or to have been the primary mechanism for transport of material out of the proximal zone. Further, there is reason to believe that the estimates of these effects are themselves excessive. Johnson [1974] reported, for example, that although the maximum speeds over a tidal cycle were usually down-inlet, the largest near-bottom currents were, in fact, up-inlet and occurred in conjunction with the waning spring tide. These periods of high up-inlet currents were not taken into account in the above analysis and would reduce the estimates. In addition, the current measurements referred to above were made during the summer and early fall, a period of low runoff when water carried into the inlet over the sill during the latter stage of the flood tide is more dense than the near-surface waters in the inlet. This incoming water penetrates to middepth and at times to the bottom, inducing the large currents observed at depth [e.g., Stucchi and Farmer, 1976; Stucchi, 1985] . During the late fall and winter, runoff associated with rainfall becomes mixed with the water carried into the inlet by the tide, and penetration to depth does not occur, resulting in more quiescent near-bottom conditions. It is noteworthy that the acoustic images like that in Figure 4 were acquired during such a period in late November 1976, and current speeds measured at 80-m depth at this time were small: 7 cm/s maximum [Hay, 1981] . This also suggests that the annual average net tidal stress and transport rate would be smaller than estimated above.
